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Sunday, February 3, 2013 123aVoltage-gated potassium (Kv) channels undergo a process termed slow inac-
tivation in response to prolonged depolarizations. This process is thought to
occur in response to structural rearrangements near the selectivity filter, which
ultimately result in nonconducting (inactivated) channels. Although substan-
tial efforts have been made to understand this process, the details of slow in-
activation at the atomic level have yet to be unraveled in eukaryotic Kv
channels. Based on information gleaned from crystal structures, the indole ni-
trogen of a highly conserved Trp, Trp435 in Shaker potassium channels, had
been proposed to form a hydrogen bond with Tyr445 in the GYGD selectivity
filter signature sequence, thus contributing to open pore stability and likely
slow inactivation. Functionally, however, we find that the indole nitrogen of
Trp435 does not contribute to slow inactivation as mutations to Phe or Tyr
at this site do not affect slow inactivation. In contrast, removal of the hydroxyl
group from Tyr445 by Phe substitution results in a rapidly inactivating pheno-
type, and this could be slowed by application of external TEA, thus suggesting
a role for Tyr445 in slow inactivation. A closer examination of the available
structural information of side chains in close physical proximity of Tyr445
pointed towards a possible role of Thr439, a highly conserved side chain in
the pore helix. Indeed, Thr439Val channels were non-conducting and behaved
similar to the permanently inactivated Trp434Phe phenotype. Re-introduction
of a hydroxyl moiety in position 439 via the Thr439Ser mutation led to a WT-
like conductance-voltage relationship and only a modestly increased inactiva-
tion rate compared to WT. Together, these results suggest a novel and ener-
getically significant hydroxyl-hydroxyl interaction between Tyr445 and
Thr439 that regulates slow inactivation in Kv channels.
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Voltage-gated Kþ channels (Kv) are tetrameric assemblies in which 4 voltage
sensors open a shared Kþ selective pore located at the center of the array at ac-
tivating membrane potentials. A feature of many Kv channels- indispensable
for the repolarization of the membrane potential following depolarization of
neuronal cells- is to shut off their flux after prolonged activation. Here we
show that in KvLm, a well characterized bacterial voltage-gated channel, the
premature closing of the pore is bypassed by the association of the filter gate
of the pore with three distinct and novel open-conformation stabilizers: A pos-
itively charged lipid, a small-molecule anti-depressant, and a protein toxin.
This analysis is based on an extensive set of single channel current measure-
ments of purified KvLm and its sensorless pore reconstituted in symmetric
and asymmetric lipid bilayer membranes. Comparative assessment of the
consequences produced by the three modulators in relieving the ‘‘inactivation’’
establishes that stabilization of the open conformation proceeds in the absence
or presence of the sensors. We propose two plausible mechanisms by which all
three modulators exert their demands on the pore.
This work was supported by NIH grant GM 49711.
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In the absence of N-type inactivation Shaker potassium channels display slow
(C-type) inactivation. It has been shown earlier that Cd2þ traps the V476C
Shaker channels in the open state, even at very negative voltages, by forming
a metal bridge between a cysteine in one subunit and a native histidine
(H486) in a neighboring subunit (Webster et al., Nature, 2004). However,
none of the previous studies determined the relationship between inactiva-
tion/recovery from inactivation and the locked-open activation gate. The cur-
rent experiments tested the hypothesis that locking the activation gate in the
open configuration prevents recovery from inactivation. To address this hy-
pothesis we compared the extent of recovery from inactivation for control con-
ditions and in the presence of 20 mM Cd2þ. V476C/IR channels contained an
alanine in position 449 to facilitate the entry of the channels into the slow-
inactivated state. All ionic current experiments were performed with excised
inside-out patches. A fast-step perfusion system was used for rapid solution ex-
change. 2.0-s-long depolarizing pulses from a holding potential of120 mV to
þ50 mVwere applied and when applicable, 20 mMCd2þwas added to the fully
inactivated channels. The duration of the Cd2þ pulse was 1.0 s long which was
started 800 ms after the start of the depolarization. Under control conditions100% of the channels recovered from inactivation within 60 s at 120 mV,
whereas upon Cd2þ application less than 10 % of the current recovered under
identical conditions (n=3). The lack of recovery from inactivation of the
locked-open channels suggests that closure of the activation gate is essential
for the recovery from slow inactivation.
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Potassium channels are membrane proteins that allow passage of Kþ ions
across the hydrophobic core of the membrane. The extremely conserved signa-
ture sequence in the residues lining the pore (TTVGYGD) allows discrimina-
tion between ions having similar radii (Hegimbotham et al 1994). Despite of
this conservation, closely related potassium channels display differences of
up to two orders of magnitude in their Kþ ion transport rates. Searching for
the molecular determinants accounting for such a large difference in transport
rates, we made several charge substitutions at the internal entrance of the pore
of the low conductance Shaker K-channel. We expressed these variants in
Xenopus oocytes and measured their single channel conductance in inside-
out membrane patches in 100 and 1000 mM of symmetrical [Kþ]. The substi-
tution of Pro475 by Asp or Gln increases Shaker’s unitary conductance 8 and 4
fold in 100 mM Kþ, respectively, as shown earlier (Sukhareva, et al., 2003).
But at 1000 mM Kþ the increases are 4 and 3 fold, respectively. In these
high conductance backgrounds (475D or P475Q), we also introduced either
negative or positively charged side chains (Asp or Arg) to positions 476 and
479. These positions align with the negatively charged rings that electrostati-
cally control conductance in BK channels. Our results shows that, as in BK
and KcsA channels, electrostatics at the inner mouth of the pore plays an im-
portant role on increasing the conductance of this Shaker variant, suggesting
similar architecture in the pore of low and high conductance K-channels.
Financed by Fondecyt 1120819 and the Millennium Initiative (P09-022-F), IDF
is a Mecesup Doctoral Fellow.
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It is widely known that ions and water molecules alternately permeate
(Pattern A) through the selectivity filter of the Kþ channels. However, micro-
scopic mechanisms underlying the exclusive use of the Pattern A remain un-
solved. Here we performed the molecular dynamics simulation of ion
permeation through the Kv1.2 channel at several different Kþ concentrations.
We found that the main permeation pattern is, as is expected, Pattern A at all
concentrations, while the other kinds of pattern also emerge. At low concentra-
tions, Pattern B, where an ion is transported accompanied with two water
molecules, is observed. This behavior is consistent with the recent experiment
measuring the streaming potential. On the other hand, Pattern C, where ions are
transported without intervening water molecules, is also seen at high concentra-
tions. Pattern C has been reported by some theoretical studies. At the physio-
logical concentration, Pattern B and C, as well as Pattern A, are nearly
equally used. In order to clarify why Pattern B and C emerge, the positions
of the ions in the selectivity filter were analyzed. In the case of Pattern B,
when a next incoming ion approaches the channel, ions are located at the down-
stream of the selectivity filter, thus two water molecules, having been occupied
the selectivity filter, are franked by ions. Once an incoming ion enters into the
selectivity filter that bears ions at the upper stream, no water molecule is in-
serted between the ions, and Pattern C emerges. Thus, the macroscopic obser-
vation such as the water-ion coupling ratio reflects differences in the
microscopic ion distributions in the selectivity filter at the instance of an up-
coming ion enters.
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124a Sunday, February 3, 2013Voltage-gated ion channels play crucial roles in the generation and propagation
of electrical signals within the nervous system. Peptide toxins from tarantula
venom interact with voltage-sensing domains in Kv channels and have
provided useful tools for exploring their structures and gating mechanisms.
However, relatively little is known about the specific molecular interactions
between these toxins and voltage sensors. In the present study we set out to
define the surface of GxTx-1E that interacts with the voltage sensors in the
Kv2.1 channel. GxTx-1E is a particularly attractive candidate for further study
because the structure of this amphipathic toxin has been solved, and it binds
with high affinity to the voltage-sensor paddle motif in the Kv2.1 channel to
inhibit opening, providing the opportunity to undertake mutant cycle analysis
between toxin and channel. Towards this goal we mutated 28 of the 36 non-
Cys residues in GxTx-1E to Ala using solid-phase chemical synthesis, folded
the mutants in vitro and studied their interactions with the Kv2.1 channel using
voltage-clamp electrophysiological recording techniques. Of all the mutations
studied thus far, none of the polar residue mutants produced changes in
toxin affinity greater than 5-fold, whereas five hydrophobic residue mutants
produced > 10-fold changes in toxin affinity. In the structure of the toxin, all
of these hydrophobic residues are positioned to form a contiguous surface.
We are currently undertaking mutant cycle analysis between these mutants
and those within the paddle motif to define the protein-protein interface
between toxin and channel.
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Voltage-activated ion channels open and close in response to changes in mem-
brane voltage, a property that is fundamental to the roles of these channels in
electrical signaling. Protein toxins from venomous organisms commonly tar-
get the S1-S4 voltage-sensing domains in these channels and modify their gat-
ing properties. Studies on the interaction of hanatoxin with the Kv2.1 channel
show that this tarantula toxin interacts with the S1-S4 domain and inhibits
opening by stabilizing a closed state. Here we investigated the interaction
of hanatoxin with the Shaker Kv channel, a voltage-activated channel that
has been extensively studied with biophysical approaches. In contrast to
what is observed in the Kv2.1 channel, we find that hanatoxin shifts the
conductance-voltage relation to negative voltages, making it easier to open
the channel with membrane depolarization. Although these actions of the
toxin are subtle in the wild-type channel, strengthening the toxin-channel in-
teraction with mutations in the S3b helix of the S1-S4 domain enhance toxin
affinity and cause large shifts in the conductance-voltage relationship. Using
a range of previously characterized mutants of the Shaker Kv channel, we
find that hanatoxin stabilizes an activated conformation of the voltage sensors,
in addition to promoting opening through an effect on the final opening tran-
sition. Chimeras in which S3b-S4 paddle motifs are transferred between Kv2.1
and Shaker Kv channels, as well as experiments with the related tarantula
toxin GxTx-1E, lead us to conclude that specific interactions between toxins
and paddle motifs determine whether these toxins inhibit or promote channel
opening.
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Two recent x-ray crystal structures of CI-VSP have, for the first time, captured
both the putative up and down states of a Voltage-Sensing Domain (VSD). This
structural information provides a first chance to characterize the nature of the
voltage-driven conformation transition using molecular dynamics simulations
based on detailed atomic models. Here, using umbrella sampling potential of
mean force (PMF) calculations, we explore the free energy landscape govern-
ing the transition of the S4 helix between these two states of the Ci-VSP voltage
sensor. PMFs calculated with an applied transmembrane potential helps eluci-
date the voltage dependence and the gating charge of the Ci-VSP sensor in
a lipid bilayer membrane.
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Bangkok, Thailand.Voltage-gated ion channels respond to transmembrane electric fields through
the motion of the positively charged S4 helix present in the voltage-sensing do-
main (VSD). In doing so, they are responsible for the electrical and chemical
signaling that underlies cellular communication and signal transduction.
VSDs respond to changes in the membrane potential by moving charged resi-
dues in the S4 helix through the focused electric field of the membrane. Despite
structural data, the details of this conformational change remain unresolved.
Previous studies (1, 2) demonstrated that non-phosphate lipids can dramatically
right-shift the voltage dependence (G-V curve) of KvAP, traping the VSD in
a putative resting (Down) state while reconstitution in phospholipids leads to
the stabilization of the activated (Up) state. We have evaluated the conforma-
tions of KvAP’s isolated VSD through reconstitution in lipids with (PC:PG) or
without (DOTAP) phosphate groups. The nature of the structural transition
between these states was determined using site-directed spin labeling and
EPR spectroscopy. Solvent accessibility and inter-helical distance determina-
tions suggest that KvAP gates through a novel mechanism involving a ~3 A˚ up-
ward tilt and simultaneous ~2 A˚ axial shift of S4. This motion leads to large
accessibly changes in the intracellular water-filled crevice, which offers an al-
ternative explanation of previous findings and supports a novel model of gating
that combines structural rearrangements and local field refocusing.
1. D. Schmidt, Q. X. Jiang, R. MacKinnon, Nature 444, 775 (Dec 7, 2006)
2. H. Zheng, W. Liu, L. Y. Anderson, Q. X. Jiang, Nat Commun 2, 250 (2011)
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Voltage-gated potassium ion (Kv) channels regulate action potentials of the
nervous system by responding to changes in transmembrane voltage, enabling
Kþ transport across the membrane to restore cells to their resting potential.
While several crystal structures of Kv channels have been presented in the
open conformation, the closed structure remains unsolved, leaving the Kv chan-
nel gating mechanism unclear. Using lanthanide-based resonance energy trans-
fer (LRET) measurements of the S4-S5 linker, which connects the voltage
sensor to the pore domain, we modeled the Kv 1.2/2.1 chimera in the open
and closed conformations. Through fully atomistic molecular dynamics simu-
lations of the models, we find that a small 4 A˚ displacement of the linker is suf-
ficient to gate the channel. Additionally, we find a 9 A˚ vertical translation of S4,
and a 37 change in tilt of S4 with respect to the S4-S5 linker between the open
and closed states, in agreement with previously published studies. Here, we
present the first model of the closed channel derived from measurements on
the cytosolic side of the channel.
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Voltage-gated ion channels enable electric signaling by responding to changes
in membrane potential. This is controlled by four voltage-sensor domains
(VSDs) in which the fourth transmembrane segment (S4) contains several
positively charged residues that move in response to voltage changes. An
open conformation is available from the Kv1.2/2.1 X-ray structure, and
several recent simulations based on experimental constraints have lead to
an emerging consensus model of the resting state. We have extended this ap-
proach by systematically exploring residue contacts that should occur during
the VSD gating, and tested these with electrophysiology. By using metal-ion
bridges that are weaker than disulphides it is possible to keep the channel
working and quantify shifts in voltage dependence. We report a total of 20
new interactions, which more than double the number of experimental con-
straints available for VSDs, and classify them into one open and three succes-
sively more closed intermediates. A subset of constraints was used to build
models of each conformation with Rosetta, and after subsequent simulation
(without constraints) the models fulfill all constraints in each state. Further,
under some conditions it appears to be possible to drive Shaker into an
even deeper fourth closed state for which we also provide a model. Molecular
simulations show that these intermediate states indeed correspond to meta-
stable conformations. Starting from the first closed state and driving the S4
helix upwards in a simulation results in stable conformations within 3A˚
RMSD of the experimental open state structure. These results provide insight
